ABSTRACT We have measured the turnover rate ofthe polypeptide subunits of the insulin receptor in cultured human lymphocytes (IM-9 line) and have investigated the mechanism of insulin-induced receptor loss. To estimate the rate of receptor degradation, lymphocytes were either pulse-labeled with [asSimethionine or surface labeled with NaF4 and lactoperoxidase. The insulin receptor was isolated by immunoprecipitation with anti-receptor antibody, and the rate of loss of radioactivity from each receptor subunit was determined after sodium dodecyl sulfate/polyacrylamide gel electrophoresis. Two major (Mr 135,000 and 95,000) and one minor (Mr 210,000) subunits were found. By both labeling methods, the half-lives of the major insulin receptor subunits were 9-12 hr in normal media. When the cells were cultured in media containing 1 FAM insulin the turnover was accelerated 2.5-to 3.5-fold (half-life approximately 3 hr). The increase in degradation rate was dependent on the insulin concentration and correlated well with the ability to "down-regulate" the receptor. Guinea pig insulin was about 2% as active as porcine insulin in accelerating degradation, and human growth hormone was without effect. The acceleration of receptor degradation induced by insulin was partially blocked by 100 pM cycloheximide. The rate of biosynthesis of the insulin receptor did not appear to be altered in the presence of 1 jpM insulin after correction for the change in degradation rate. In conclusion, these data demonstrate that insulin-induced receptor loss in cultured lymphocytes is due to accelerated receptor degradation. The ability of hormones to regulate the concentration of their receptors on the surface of cells ("down-regulation") is a fundamental mechanism for the regulation of target cell sensitivity (1). Lymphocytes cultured in media containing various concentrations of insulin exhibit a time-and concentration-dependent decrease in insulin receptor concentration (2). Similarly, the number of insulin receptors on cells in vivo in many diseases is inversely related to the concentration ofinsulin to which the cells are exposed (3). This mechanism of insulin-induced loss of its own receptor is thought to play a major role in the pathogenesis of insulin resistance in many disease states, including obesity (3, 4) .
[asSimethionine or surface labeled with NaF4 and lactoperoxidase. The insulin receptor was isolated by immunoprecipitation with anti-receptor antibody, and the rate of loss of radioactivity from each receptor subunit was determined after sodium dodecyl sulfate/polyacrylamide gel electrophoresis. Two major (Mr 135,000 and 95,000) and one minor (Mr 210,000) subunits were found. By both labeling methods, the half-lives of the major insulin receptor subunits were [9] [10] [11] [12] hr in normal media. When the cells were cultured in media containing 1 FAM insulin the turnover was accelerated 2.5-to 3.5-fold (half-life approximately 3 hr). The increase in degradation rate was dependent on the insulin concentration and correlated well with the ability to "down-regulate" the receptor. Guinea pig insulin was about 2% as active as porcine insulin in accelerating degradation, and human growth hormone was without effect. The acceleration of receptor degradation induced by insulin was partially blocked by 100 pM cycloheximide. The rate of biosynthesis of the insulin receptor did not appear to be altered in the presence of 1 jpM insulin after correction for the change in degradation rate. In conclusion, these data demonstrate that insulin-induced receptor loss in cultured lymphocytes is due to accelerated receptor degradation. The ability of hormones to regulate the concentration of their receptors on the surface of cells ("down-regulation") is a fundamental mechanism for the regulation of target cell sensitivity (1) . Lymphocytes cultured in media containing various concentrations of insulin exhibit a time-and concentration-dependent decrease in insulin receptor concentration (2) . Similarly, the number of insulin receptors on cells in vivo in many diseases is inversely related to the concentration ofinsulin to which the cells are exposed (3) . This mechanism of insulin-induced loss of its own receptor is thought to play a major role in the pathogenesis of insulin resistance in many disease states, including obesity (3, 4) .
Using autoantibodies against the insulin receptor, we have recently identified the receptor subunits by specific immunoprecipitation of either externally or biosynthetically labeled proteins (5) (6) (7) . In the present study we have used these techniques to measure directly the turnover rate ofinsulin receptor subunits and to study the mechanism of down-regulation of insulin receptors in human cultured lymphocytes.
MATERIALS AND METHODS
Materials. Porcine insulin was purchased from Elanco (Indianapolis, IN); guinea pig insulin and human growth hormone were gifts from the Research Resources Program, and the National Pituitary Agency, National Institute of Arthritis, Metabolism, and Digestive Diseases, National Institutes of Health.
Na'"I, [ (6) . To determine turnover rates, the labeling medium was removed, and cells were washed once with complete medium supplemented with unlabeled methionine at 2 mg/ml ("chase medium") and cultured at 37C in chase medium at 2-3 x 106 cells per ml. The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 6917 phate buffer, pH 6.0, containing 1% bovine serum albumin, and then three times with phosphate-buffered saline over a period of 1.5 hr at room temperature to remove any bound insulin (9) . The cells were then solubilized in 1% Triton X-100 in 50 mM Hepes buffer, pH 7.6, containing phenylmethylsulfonyl fluoride (2 mM) and aprotinin (1000 trypsin inhibitor units/ml) for 1 hr at 220C. Insoluble material was removed by centrifugation at 200,000 X g for 90 min at 4TC. The supernatants of surfacelabeled cells were immunoprecipitated directly. Supernatants of [35S]methionine-labeled cells were applied to 1-ml columns containing wheat germ agglutinin coupled to agarose. After extensive washing with 50 mM Hepes/0. 15 M NaCl/0. 1% Triton X-100 (pH 7.6), bound material was eluted with 3 ml of 0.3 M N-acetylglucosamine in this buffer. Lectin chromatography allows a 20-fold purification with nearly 100% recovery of the insulin receptor (10) . Immunoprecipitation of the Insulin Receptor. The solubilized receptors were incubated with serum from patient (B-2) with type B syndrome ofinsulin resistance (11) containing autoantibodies against the insulin receptor (1:400 dilution) or normal serum (6, 7). After 6 hr at 4°C, 100 p1 ofsecond antibody (sheep anti-human IgG serum; titer of 2 mg/ml) or 200 Al of protein A (Pansorbin, packed cell column 7.8%) was added to 800 Al of solubilized receptor and the incubation was continued for 4 additional hours at 4°C or 45 min at room temperature. The precipitates were then collected by centrifugation at 10,000 X g for 5 min and washed twice with 50 mM Hepes containing 1% Triton X-100 and 0.1% NaDodSO4. Under these conditions quantitative immunoprecipitation of the insulin-binding activity is achieved with serum B-2 (12) .
Immunoprecipitates were solubilized by boiling for 3 min in 2% NaDodSO4/0. 1 M dithiothreitol/2% 2-mercapthoethanol/ 0.01% bromophenol blue/10 mM sodium phosphate (pH 7.0).
Electrophoresis was performed according to Laemmli (13) (Fig. 1) . During the chase the radioactivity in insulin receptor subunits gradually decreased (Fig. 1) and the degradation rate could be quantitated by determining the radioactivity in gel slices. Over this time period, the decay of radioactivity was monoexponential (Fig. 2) . The half-lives of the two major insulin receptor subunits were 10.8 ± 0.4 hr. for the Mr 135,000 subunit and 10.3 ± 0.9 hr for the Mr 95,000 subunit (n = 4, mean ± SEM). These correspond to the degradation rate constants of 0.064 and 0.067 hr-1, respectively.
When the lymphocytes were cultured with 1 kM insulin the radioactivity in the receptor subunits was lost more rapidly, indicating an accelerated rate of degradation ( Fig. 1 and 2) . The half-lives of the subunits were decreased to 3.8 ± 0.5 hr and 2.9 ± 0.3 hr for the Mr 135,000 and 95,000 subunits, respectively (n = 4, mean ± SEM). The overall rate of protein turnover, as estimated by precipitation with 5% trichloroacetic acid, did not change with insulin treatment (data not shown).
Degradation of the Externally Labeled Receptor. Because
[35S]methionine incorporated into the insulin receptor might have been reutilized after receptor degradation and result in some error in the estimated half-lives, the degradation rate of the receptor subunits was also estimated after surface labeling of lymphocytes with Na'"I and lactoperoxidase. Immunoprecipitation and NaDodSO4/acrylamide gel electrophoresis again revealed labeling ofthe major subunits OfMr 135,000 and 95,000
and a minor subunit of Mr 210,000 (Fig. 3) . By measuring the radioactivity in gel slices, we estimated the mean of half-lives of the two major insulin receptor subunits in normal cells: Mr 135,000, 11.5 hr; Mr 95,000, 9 hr (mean of two experiments).
Ifthe cells were cultured with 1 uM insulin, the half-lives were decreased: Mr 135,000, 3.5 hr; Mr 95,000, 2.6 hr (Fig. 4) . Thus, both methods yield similar half-lives for the major protein subunits ofinsulin receptor, and both show that the effect ofinsulin is to accelerate this rate of degradation about 2.5-to 3.5-fold. Concentration Dependence and Specificity ofInsulin Effect on Receptor Degradation. To evaluate in more detail the mechanism by which insulin accelerates the degradation of its own receptor, the turnover of receptors on lymphocytes pulse-labeled with [35S]methionine was studied by using several concentrations of porcine insulin, guinea pig insulin, and human growth hormone. Insulin stimulated the rate of degradation of the two major receptor subunits at a concentration as low as 1 nM and the degradation rate constant was doubled at a concentration of 50 nM (Fig. 5A) . Guinea pig insulin, which is about 2% as potent in stimulating glucose metabolism as is pork insulin, was about 2% as potent in accelerating the degradation. Human growth hormone (500 nM) had little effect on the rate of degradation of insulin receptor (Fig. 5A) .
It has been shown previously that inhibition of protein synthesis by cycloheximide inhibits the degradation ofseveral proteins (15) and also inhibits down-regulation of the insulin receptor in lymphocytes (9) . In cultured lymphocytes 100 AM cycloheximide, which inhibits protein synthesis by more than 95%, has a minimal effect on the normal degradation rate of 'S-labeled insulin receptor. If 100 A&M cycloheximide was added to the chase medium containing 1 AM insulin, however, the stimulation of degradation produced by insulin was markedly attenuated (Fig. 5B) .
Biosynthesis of Insulin Receptor Subunits. The above data indicate that a major effect of insulin on cultured lymphocytes is to accelerate the degradation ofits own receptor. Because the in lymphocytes cultured in media with or without insulin. Insulin receptor subunits were isolated as described in the legend to Fig. 3 concentration ofinsulin receptors is a function ofboth synthesis and degradation, it is also desirable to measure the effect of insulin on the rate of receptor synthesis. Assuming the model for receptor turnover given above, the kinetics of receptor synthe- the kD values measured above. Fig. 6 shows a plot of the theoretical rate of synthesis and of the biosynthesis of insulin receptor subunits as measured by incubating the lymphocytes with [3S]methionine in the presence or absence of 1 AM insulin for up to 8 hr. In both control and insulin-treated cells, the experimental data agree well with the theoretical curves. Although the radioactivity incorporated into the receptor in cells treated with 1 AM insulin is decreased at each time point, it is clear that this can be accounted for simply by the differences in the rates of degradation. Thus, within experimental variability, insulin did not appear to alter the rate of synthesis of its receptor in cultured lymphocytes.
The Mr 210,000 Subunit. As shown in Fig. 1 and 3 , receptor antibody specifically precipitated a minor band of Mr 210,000 after both biosynthetic and cell surface labeling. The same band was also precipitated after biosynthetic labeling using [3H-labeled sugars (7), although this band could not be found by using a chemical crosslinking agent to identify the insulin receptor in IM-9 lymphocytes (16) . At the present time, it is not clear whether this subunit is an aggregate ofthe smaller subunits that is not dissociated by the high concentration of reducing agents and NaDodSO4 or is another subunit (see Discussion). From the data in Fig. 1 and 3 the half-life ofthis subunit is 7.8 hr and 9.8 hr by biosynthetic and cell surface labeling, respectively. Although insulin (1 ,uM) also accelerated the degradation of this subunit, the extent of acceleration was less marked than that observed with the major subunits (t1/2 = 5.5 and 5.8 hr).
DISCUSSION
The turnover rate of insulin receptors has been estimated by measuring changes in insulin binding after blockade of protein Proc. Nad Acad. Sci. USA 78 (1981) I synthesis (9) or glycosylation (17) , and by heavy isotope labeling of cells during synthesis ofreceptors (18, 19) . In all three cases, the methods depend on intact receptors and measurements of "2I-labeled insulin binding. In the present study we have measured the turnover ofinsulin receptor subunits directly by using biosynthetic and surface labeling of cells and specific immunoprecipitation. As previously observed, there are two major receptor subunits (Mr 135,000 and 95,000), and both turn over with half-lives of 9-12 hr. This is in good agreement with the data obtained by using heavy isotopes (18, 19) , and both of our methods yielded similar results, indicating that there is quantitative recovery from the wheat germ agglutinin columns and that reutilization of [35S]methionine is negligible.
When lymphocytes were cultured under conditions to produce maximal down-regulation (1 AM insulin), the degradation of insulin receptor subunits was accelerated 2.5-to 3.5-fold as measured by either labeling procedure. The extent of acceleration ofthe degradation ofthe insulin receptor correlated well with the capacity of a ligand to bind to the insulin receptor and its ability to down-regulate the insulin receptor. These results suggest that the increased degradation of the insulin receptor is a direct result of binding to the insulin receptor and that this process has an important role in the mechanism of down-regulation. The absence of effects of insulin on the degradation rates of total solubilized proteins or on other proteins that bind to wheat germ agglutinin columns (data not shown) suggests that insulin acts specifically on the degradation of the insulin receptor. In the presence of cycloheximide, the ability of insulin to accelerate the degradation of the insulin receptor was attenuated, consistent with the previous data that cycloheximide decreases the effect of insulin in down-regulating its own receptor (9).
The exact mechanism by which insulin accelerates the degradation of its own receptor is unknown. Internalization of insulin is observed with cultured lymphocytes and other cells (20) , but there is no direct evidence that this is linked to internalization ofthe receptor. In primary cultures ofchicken hepatocytes, Krupp and Lane have reported that during down-regulation there is an apparent translocation of receptors from the plasma membrane to an intracellular compartment with no change in either synthesis or degradation rate as measured by heavy isotope labeling (19) . In the IM-9 lymphocyte, this is clearly not the case. During down-regulation there is a loss of total cellular receptor extractable with Triton X-100 whether measured by insulin binding (21) , radioimmunoassay for receptor (21) , or precipitation of labeled receptor subunits (present study). Whether these differences can be explained by differences in subsequent degradation ofinternalized receptors remains to be determined.
One final point ofinterest from the study concerns the structure of the receptor itself (22, 23) . Although current models of the receptor (24) propose a heterodimer of the Mr 135,000 and 95,000 subunit linked by disulfide bonds, we also routinely observe a Mr 210,000 subunit, which has a slightly faster turnover than the other receptor subunits and is less affected by insulininduced down-regulation. Preliminary peptide mapping suggests that it is not a simple heterodimer of the Mr 95,000 and 135,000 subunits (unpublished data). It could be a regulator protein associated with the receptor (25, 26) or some precursor in receptor subunit synthesis.
In conclusion, we have shown that insulin-induced loss of insulin receptor is due to an acceleration of the degradation of both insulin receptor subunits. There are several other biological systems in which down-regulation has been observed, including receptors for a wide variety of hormones (1) , and other ligands such as low density lipoprotein, epidermal growth factor, and acetylcholine (27) (28) (29) . In most cases, however, it has not yet been possible to directly study turnover ofthe receptor with biosynthetic labeling. With a different technique, it has been suggested that antibodies to acetylcholine receptors may accelerate the degradation by a crosslinking mechanism (29) , and in this regard it would be interesting to study the effect of antibody to the insulin receptor on insulin receptor turnover.
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